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I. INTRODUCTION
A WIRELESS body area network (WBAN) is a wireless network used for communication among sensor nodes operating on, in contact, or close to the human body. WBAN have recently been subject to great interest not only in medical applications but also as an enabling technology for users in lifestyle, assisted living, sports, and entertainment [1] . This technology has several challenges. One of these is the overall size and weight of the devices that have to be tailored on the body in order to avoid disturbances in human activity. This requires new integration technologies that are commonly known as wearable technologies. Another important challenge is the total energy consumption of the sensor nodes, with a direct impact on autonomy. The extreme case can be observed in implantable devices. Significant efforts have been made in this area, integrating different energy harvesting methods to extend battery life or producing autonomy sensors [2] . Small and very low-profile antennas for on-body applications are in great demand in the field of WBAN [3] , [4] and in radio frequency identification (RFID) tags for wearable applications [5] , [6] . Some examples of textile antennas are given in [7] - [10] . The proximity of the body may easily reduce the efficiency and detune the antennas [10] . Special antenna design techniques are therefore required, and special attention must also be paid when calculating the link budget [11] .
In fact, several works analyze the radio channel for BAN applications [11] - [13] . In order to increase the reliability of the communication link, approaches based on diversity concept have been proposed to reduce the impact of attenuation [14] .
Frequency selective surfaces (FSS) are periodic structures that have already been used for various applications such as microwave and optical frequency filters, radar absorbing materials, and reflectors [15] . Electronic bandgap and artificial magnetic conductors inspired by FSS have been used to reduce the height of antennas and the influence of the body in wearable applications [8] , [16] . Active switchable FSS have been proposed in the literature for system reconfiguration [17] - [19] . Several approaches have been used to change the transmission frequencies, including p-i-n diodes [17] , varactors [20] , ferrite substrates [21] , MEMS [22] , and optical illumination [23] .
The authors have recently demonstrated the viability of using modulated FSS for RFID applications using readers based on ultrawideband (UWB) [24] , [25] and FMCW [26] radars at X-band. The distance between the transponder (tag) and the time-domain UWB or FMCW readers can be obtained. These transponders are therefore candidates for use in localization applications. However, in [24] - [26] , the effect of the materials where the transponder is attached has not been considered, assuming that it was in free space. On the contrary, here the work is addressed at studying the effect of highloss materials, such as the body. The originality of this paper lies in its study of modulated FSS to be placed on the body for identification and sensing. If the application does not require localization of the tag (e.g., in sensor applications) then simpler readers than the ones proposed in previous works (based on UWB or FMCW) can be used, since information about distance is not required. The reduction of the radar cross section (RCS) due to the proximity of high-loss materials and the detuning of antennas are two key problems that limit the use of wireless identification and sensing devices on the body. This problem is mitigated with the use of modulated FSS as shown in this paper, especially when increasing the number of elements. Increasing the number of dipoles in the FSS increases the RCS and also its bandwidth. In this paper, transponders based on FSS on flexible substrate are designed and measured on the body, demonstrating their capability of sending information for identification and from sensors by backscattering communication. A typical solution in wearable antennas [7] - [10] is to use patch antennas or spacers to separate the antenna from the body. Using the proposed FSS, increasing the thickness of the tag and multilayer designs 0018-926X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. are not required, facilitating integration in wearable applications. The designed FSS can be scaled to other frequencies adjusting the length of the dipoles. In this paper, the tags are designed in the 2.45 GHz ISM band. In this band, there is a compromise between loss and size in comparison with the UHF band (larger tag size) and the 5.8 GHz ISM band (higher body loss). In contrast with previous studies at higher frequencies (UWB or X-band) where the FSS were modulated using p-i-n diodes, low-cost silicon varactors are used here. As consequence, the power consumption, which is an important issue in WBANs, is notably lower compared with p-i-n diode-based FSS designs. This paper is structured as follows. The operating principle of the system is presented in Section II, where the backscattering theory presented in [26] is used to understand the modulation the FSS on the body. Section III presents the design of the prototypes. The modulated FSS is designed and evaluated by means of full-wave simulations. Section III also describes a prototype of the temperature sensor and the reader, as a proof of concept. The FSS and the prototypes are characterized in Section IV. Finally, Section V contains our conclusions. Fig. 1 shows a block diagram of the proposed system for wearable applications. It consists of a reader and semipassive tags based on modulated FSS. In this paper, the unlicensed ISM 2.45 GHz is chosen but the concept can be extended to other bands scaling the system. Compared with the UHF RFID band, the 2.45 GHz ISM band enables a reduction in the size of both the reader and tag antennas, which is an important issue in wearable applications. However, the power allowed is lower and the body losses are higher than those experienced when working with the UHF band. The transmitter is composed by a generator, with a signal that is amplified to obtain the desired power. A continuous wave illuminates the tag, which answers by modulating the backscatter of the FSS's RCS. The backscattered signal is demodulated using a homodyne receiver, converted to baseband with a mixer and digitized with an analog-to-digital converter (ADC). A bistatic topology (two antennas, one for transmission and other for reception) is used. A temperature sensor is integrated in the transponder, as a proof of concept, which modifies the frequency of a low-frequency oscillator modulating the RCS of the FSS.
II. WIRELESS SYSTEM BASED ON FSS MODULATION

A. System Description
The free space propagation model is used to estimate the read range of the system. The received power (P R ) can be calculated as in the conventional RFID systems using the radar equation
where r is the read range, P T is the transmitted power, G T and G R are the transmission and reception antenna's gain, respectively, λ is the wavelength, and RCS dif is the tag differential RCS, given by [27] 
In (2), G is the gain of the tag antenna, m is the modulation factor, and is the difference between the reflection coefficients depending on the two impedance states used to modulate the RCS of the tag.
According to (1) , the aim is to increase the received power and therefore the read range by maximizing the differential RCS, since the transmitted power is limited by the regulations, and the use of high-gain receiver antennas is unpractical (too directive) and expensive for WBAN applications. The conventional antennas used in passive UHF RFID tags (e.g., dipole antennas) are not appropriated when the tag is in contact with the body because its gain decreases. Furthermore, the tag is detuned due to the high permittivity of the body. Consequently, a significant drop in the power received at the tag chip is experienced. If this power is under the chip's threshold power, the tag is unable to answer the reader. In semipassive (battery assisted, BAP) tags, this problem is mitigated because they have lower threshold powers than passive tags. However, in both cases, the reflected power experiences a significant drop when the tags are in contact with the body. One solution consists in using patch antennas, but they are not low-profile antennas, the printed area is large (increasing the cost due to the conductive inks) and they need two printing layers. The use of spacers can also be considered, but this solution is impractical in wearable applications. As an alternative, this paper proposes a semipassive tag based on a modulated FSS (semipassive is used here to mean that the tag does not transmit RF power-it is a backscatterer).
An antenna based on an array of dipoles increases the gain with respect to a single dipole according to the array factor, consequently increasing its differential RCS, and mitigating in this the effect of the body. The FSS can achieve a large modulating bandwidth [26] , and the FSS is therefore suitable for placing on parts of the body with different dielectric permittivity and also when the tag is attached to different people. The tag can be located in any position on the body, depending on the application or sensor to be integrated. In addition, FSS are one-layer printed circuits, an added value to be integrated in wearable applications.
B. On-Body Modulated Frequency Selective Surface
The FSS unit cell is formed by dipoles loaded with diodes. p-i-n diodes as switching elements are sometimes used in reconfigurable FSS whereas varactor diodes are used in applications where continuous frequency tuning is required. The main problem with p-i-n diodes is that they need currents of the order of several milliampere to reduce the resistance when the diodes are in ON state. This power consumption is prohibitive in battery-assisted tags because it would dramatically reduce battery lifetime. Low cost silicon varactor diodes instead of p-i-n diodes are therefore chosen in order to reduce the power consumption. At 2.45 GHz, silicon devices present small parasitic components; there is therefore no need to use expensive GaAs devices. Wearable applications require flexible substrates. A liquid crystalline polymer substrate from Rogers (Ultralam 3850) with a thickness of 100 μm is used in the prototypes. The tag modulates the incident field by switching the varactor diodes that load the FSS. The varactor diodes are reverse biased to avoid current consumption. The diodes are switched between 0 V and V cc (usually around 3 V for coin-cell battery powered devices). When the diodes are biased at 0 V (ON state) they present a high capacitance, with the equivalent circuit at microwave regions a short circuit (low impedance state). Whereas the diodes are biased at V cc (OFF state), the capacitance is considerably lower than in the first case, presenting high impedance at microwave regions. The diodes are therefore ideally equivalent to an open circuit. The load impedance of the FSS elements is thus switched between a low (ON state) or a high (OFF state) value. In order to understand the RCS modulation of the FSS on the body, the equivalent circuit in Fig. 2 has been proposed. The bandpass behavior of the FSS on the body can therefore be modeled as an LC series equivalent circuit [ Fig. 2(b) ]. The metallic strips are inductive, which together with the gap capacitances create a series combination of inductors with capacitors. By mounting lumped reactive elements such as varactor diodes, it is possible to tune the resonance frequency of the array. The equivalent circuit model can be extended to the case where the FSS is placed on the body [ Fig. 2(c) ]. The substrate is modeled as a transmission line of length h and the body is modeled as an infinite lossy transmission line. It should be pointed out that this is only an approximate method since, if the elements of the array are long, the wave variations along the elements must be taken into account. In addition, it is only valid around the first resonance. In order to consider harmonics, additional LC resonators tuned at each resonance must be added. Nevertheless, this approach provides a good understanding of the behavior of active arrays. The impedance of an FSS made of a perfect electric conductor in free space can be represented by a series circuit consisting of an inductance L and a capacitance C 0 [28] . The resonant frequency of an FSS in the presence of a thick dielectric substrate is reduced by a factor equal to ε 1/2 r when the dielectric is present on both sides of the FSS, and by a factor of ((ε r + 1)/2) 1/2 when the dielectric is present only on one side of the FSS [29] . When an FSS is printed on a dielectric substrate, the value of the unloaded capacitor C 0 must be multiplied by the effective dielectric permittivity due to the surrounding dielectrics. If the condition of a sufficiently thick substrate is verified, the effective permittivity simply corresponds to the average of the relative permittivity of the substrate and the relative permittivity of free space [15] 
The loss of the body can be modeled as a series resistance [30] which reduces the quality factor of the circuit. This resistance is composed of two contributions: the resistance that models the ohmic loss and another which models the dielectric losses. Here, the ohmic loss can be neglected because its value is considerably lower than the resistor associated to dielectric loss. The effect of the diode can be taken into account with its impedance in parallel with the capacitor. As an initial approximation, neglecting the parasitic elements of the diode, this impedance can be modeled as a variable capacitor that depends on the diode voltage. The resonant frequency of the FSS can therefore be estimated as
According to (4), the resonant frequency for an FSS placed on the body is lower than in free space (ε r = 1). In addition, the tunability is considerably lower than in free space when the FSS is on the body. However, there are important differences between an active FSS in free space (or over a thin supporting substrate) and the FSS on the body. FSS in free space is known [15] to present high reflectivity when the frequency of the incident wave is close to the dipoles' resonant frequency (when the dipoles become approximately half a wavelength). Consequently, an FSS in free space loaded with ideal switching diodes presents high reflectivity (and RCS) around the dipoles' resonant frequency for the ON state (diodes are short circuits). In the other case, when the diodes are in the OFF state, the FSS in free space is like an array of dipoles whose electrical length is half of the forward-biased case. As a result, the resonant frequency of the FSS in free space when loaded with an open circuit is about the double than that of the first case (diodes in the ON state). The FSS acts as a metallic surface (the diodes will be ON) when the length of the dipoles is designed to resonate in the center frequency band of the application, and it will reflect the incident waves (with an electric field parallel to the dipole axis). When the diodes of the FSS are OFF, the FSS will be transparent to the incident wave. However, the diodes have parasitic elements and their behavior is different from the ideal short circuit (in the ON state) and open circuit (in the OFF state). It can be deduced from (4) that the tuning range is notably reduced.
When the FSS is attached to the body there is an important reflection of the waves on it due to high permittivity, in contrast to the case of the FSS in free space presented in the literature (see [17] - [23] ) or previous works by Lazaro et al. [24] - [26] . The reflectivity of the FSS is also high for frequencies outside the resonance, because a fraction of the energy is reflected and another fraction is absorbed by the human body. Nevertheless, there is a change in the reflectivity as a function of the frequency and the RCS is consequently modulated at the switching rate of the diodes. The other important effect is the reduction of the resonant frequency due to the high effective permittivity of the body, allowing a miniaturization of the FSS compared to the free-space case. In practice, the parasitic effects of the diodes have an important repercussion in the FSS's frequency response [24] , [26] . The modulation of the FSS is described in [26] . It is summarized here for completeness. The backscattered field has been modeled as the backscattered field of an array of antennas, composed of a sum of two terms: 1) a structural mode (also called residual mode) and 2) an antenna mode, or a load-independent term and a load-dependent term, respectively [31] , [32] 
where is the complex power reflection coefficient of the diodes given by
In (2), Z a is the scan impedance of the FSS [15] . From (5), it is clear that the structural mode (E est ) cannot be used to send information, whereas the antenna mode (E m ) changes with the diode impedance Z d . In addition, the structural mode depends on the objects where the tag is placed. The structural mode is higher than the antenna mode because the reflection on the body is larger than the tag's backscattered field by the FSS which has a smaller surface than the body. In addition, the signal coupled between the transmitter and the receiver due to the finite isolation between the antennas is often larger than the backscattered field. However, the structural mode and coupling components are converted to dc component at the output of the mixer (see Fig. 1 ). These components can therefore be separated from the information by modulating the diodes.
To this end, a low-frequency square wave oscillator with oscillating frequency f m is connected to the diodes. The complex reflection coefficient is modulated by switching the diodes that load the dipoles of the FSS. Then changes between ON and OFF when the diodes are in the ON state (V = 0) and OFF state (V = −V cc ), respectively. As a first approximation, the reflection coefficient is approximated by a square waveform with amplitude and frequency f m . It is developed in a Fourier series
where c n are the Fourier coefficients and f c is the input frequency of the incident signal that illuminates the tag. For a square waveform with duty cycle δ, the backscattered field can be written as [26] 
where avg = ( ON + OFF )/2 and = ON − OFF are the average and difference in the power reflection coefficient between ON and OFF states, respectively, δthe duty cycle of the square pulse and * the convolution product.
The first term in (8) is a nonmodulated term, and it depends on the structural mode of the tag plus a constant term. The second term represents the modulated sidebands that are a function of the antenna mode, with the terms n = ±1 the main contribution (coefficients of higher amplitude in the Fourier expansion) that result in the components at the frequencies f c ± f m . These components can therefore be used to send information from the tag to reader. The information (either ID or data from sensors) can be sent digitally, e.g., using an amplitude shift key modulation. In this paper, the information is coded in the frequency f m which is a function of the magnitude to sense (temperature in this case). The measurement of the modulating frequency can also be used as ID for identification applications. The signal received (at f c ± f m ) in the reader can therefore be expressed as a function of the differential RCS [27] . The differential RCS [27] is the RCS due to the antenna mode, which depends on the load reflection coefficient difference between the two modulated states (diodes ON and OFF). The differential RCS can be expressed as
where m is a modulating factor that can be obtained from (8) as m = |c 1 | 2 /| | 2 . Equation (9) is similar to the well-known differential RCS used in RFID tags [27] .
III. PROTOTYPE DESIGN
A. FSS Design
From the theory presented in the last section, the most important property of the FSS to be used in semipassive tags is the differential RCS. To this end, some simulations using Ansoft HFSS have been conducted. The FSS can be located in different parts of the body, such as the arms, shoulders, and chest. It is assumed here that the FSS is attached to the arm. It is expected that FSS presents high reflectivity for the ON state (low impedance state) where the dipole length will be close to half-wavelength at the center frequency
where the effective permittivity (ε ref ) will be the average between the air and the effective permittivity of the body,
In order to avoid grating lobes, the period (separation between the dipoles) must be smaller than half of the wavelength [15] . The dielectric properties of the body tissues have been studied based on the measurements provided in [33] . It is assumed that the arm can be approximated as a multilayer structure of 1.5-mm thick skin, a fat tissue of 1.5 mm and a layer of muscle of 15 mm. The relative permittivity and dissipation loss tangent values for each tissue at 2.45 GHz taken from [28] are listed in Table I . In order to estimate the effect of the body and to adjust the dimensions of the FSS the effect of the arm curvature is neglected as the first approximation. Low-cost silicon varactors from Skyworks SMV1247-079LF are used and inserted as lumped RLC boundary conditions in the HFSS simulations. Their capacitance is 6.5 and 0.95 pF for V = 0 (ON state) and V = −3 V (OFF state), respectively. The parasitic inductance and resistance are 0.7 nH and 2 , respectively. The FSS will be implemented using a 100 μm thickness Ultralam 3850 substrate. 10 k 0605 SMD resistors are connected at the end of the arms of the dipole to feed the diodes and block the RF signal. The feed line is orthogonal to the dipole direction to avoid interference in the backscattered field. The dipole length is adjusted to resonate at about 2.45 GHz. Its length and width are 25.6 and 1 mm, respectively. Fig. 3(a) shows a schema of the FSS with five dipoles and Fig. 3(b) the FSS on the arm. The effective permittivity of the body must be known in order to adjust the resonant frequency of the FSS using (11) . However, it is difficult to analytically determine the value for multilayer structures as the considered here. The resonant frequency is therefore adjusted with electromagnetic simulations. First a single dipole is considered. Fig. 4 shows the simulated RCS of the structure, considering a single dipole including the diode (two states) over the arm. The strong structural mode makes it difficult to see the field backscattered at the dipole. In order to remove the effect of the background, a simulated scattered field without the dipole (background) is performed and it is then subtracted from the simulations for the two states (see graphs with makers in Fig. 4) . As in the case of FSS in free space [25] , [26] , the differences between the two states depending on the differences in the reflection coefficients and the diode parasitic elements play an important role. The differential RCS for different number of dipoles has been simulated in order to investigate the effect of the number of dipoles. The dipoles' length is fixed to L = 25.6 mm and the spacing between them is 10.24 mm.
The next step is to simulate a periodic infinite structure. To that end, periodic boundary conditions are considered and the Floquet port is defined in Ansoft HFSS (see Fig. 5 ). The simulated results can be shown in Fig. 6 . The reflection coefficient (S 11 ) is shown for the two diodes states in Fig. 6(a) . The differential RCS (9) is then estimated as
where the term 4π/λ 2 A 2 is the RCS of a plate of area A, S 11,ON , and S 11,OFF is the reflection coefficient for ON and OFF states, respectively, and m is the modulation coefficient. Fig. 6(b) shows the differential RCS considering the area covered by seven dipoles. As the modulation coefficient depends on the waveform, m = 1 is considered in Fig. 6(b) to independize from the modulating waveform. Compared with the simulation of only one dipole, except for a small shift in the resonant frequency, it can be observed that the maximum differential RCS is around 2.4 GHz, and the −10 dB bandwidth is from 2.1 to 2.7 GHz covering the 2.45 GHz ISM band. In wearable applications, the area of the FSS is limited by the maximum size allowed. Although this area can be relatively large if the FSS is integrated in the textile, in other cases, e.g., if the FSS is attached on the arm, then the maximum size is limited to a small number of cells or dipoles. In these cases, the structure seems to be an array of dipoles. In order to investigate the differences when the structure is truncated with the case of an infinite periodic structure, some simulations changing the number of dipoles were conducted. Fig. 7 shows the differential RCS obtained from the difference of the backscattered fields between the ON and OFF states, according to the number of dipoles. This difference is the differential RCS (9) when a modulating factor of 1 is assumed. It can be observed that the differential RCS and its bandwidth increase with the number of dipoles, although the maximum of the differential RCS is frequency shifted to lower frequencies. This shift can be easily corrected in practice by scaling the length of the dipoles.
B. Temperature Sensor Design
As a proof of concept, an FSS composed of seven dipoles is used as a transponder of a temperature sensor. The FSS is Fig. 7 .
Simulation of the differential RCS between the two diode states as a function of the frequency for a different number of elements (length L = 25.6 mm, spacing 10.24 mm). connected to a low-frequency oscillator based on the 555 timer configured as astable (Fig. 8) . A low power version (Intersil ICM7555 [34] ) that only draws 60 μA from a 3 V button type battery is used. The diode anodes are connected to the battery voltage and the cathodes are connected to the oscillator output (pin 3). The diodes are therefore switched between −3 V when the oscillator output is 3 and 0 V when the output of the oscillator is in low state. The oscillation frequency f m depends on the RC time constant as [34] f m = 1 1.4RC (13) where R is the oscillator resistance between pins 3 and 2 and C is the capacitance between pin 6 and ground. In this case, the R is a variable resistance that depends on the temperature: a negative temperature coefficient (NTC) thermistor (AVX NB20J00472) connected according to the schema in Fig. 8 . The oscillation frequency can be adjusted to the desired frequency range within the frequency range allowed by the ADC given by the Nyquist criterion to avoid aliasing (less than half of the sampling frequency). Multiple sensors can be measured choosing different frequency ranges. The capacitor value used here is 39 nF, which translates into a modulating frequency range between 5 and 7 kHz around the body temperature. The Steinhart-Hart equation [35] is widely used to model the resistance. The thermistor manufacturer uses the first-order approximation 1 where T is the temperature in K, R 0 = 4.7 k is the nominal resistance at T 0 = 298 K, and β = 3480 K is the Steinhart-Hart [35] parameter given in the thermistor datasheet.
C. Reader Prototype
A custom software defined radio reader prototype based on the schema of Fig. 1 has been designed. The signal from a PLL frequency synthesizer (Minicircuits KSN-2450A-119+) is amplified with a Minicircuits GAL84+ and it is connected to the transmitter's antenna. A microcontroller is used to program the frequency synthesizer. The output power is 18 dBm. A microcontroller (Arduino UNO board) is used to program the synthesizer and to bias the RF front-end. One part of the power is coupled to the local oscillator of the mixer (Minicircuits LRMS-30J), which down converts the signal arriving in the receiver. The intermediate frequency power at the mixer's output is amplified using two operational amplifiers with an overall gain of 50 dB and a filter with cutoff frequency of 20 kHz connected in cascade. The output is sampled using the ADC of a sound card. Fig. 9 is a photograph of the prototype.
IV. EXPERIMENTAL RESULTS
A. FSS Characterization
This section shows the experimental results. The measurements are performed in the laboratory (indoor environment). A photograph of the system used for the characterization of the FSS is shown in Fig. 10 . The FSS is modulated with a low-frequency generator (Agilent 33521A) that generates SMAF100 ) is connected to a wideband antenna (Geozondas AU-1.0G4.5GR from 1.5 to 4.5 GHz) and it is used to illuminate the FSS transmitting 10 dBm. The reflected signal is received through another identical antenna and it is measured with a spectrum analyzer (Rodhe&Schwarz FSP30). Some prototypes of FSS with different number of elements have been manufactured. For example, Fig. 11 shows the prototype of an FSS with seven elements. The dipole length is 25.6 mm and the spacing between dipoles 10.24 mm. Two cases are compared in order to evaluate the detuning effect due to the arm. In the first case, a bracer is used as a spacer of 5 mm between the FSS and the arm, and in the other case the tag is placed directly around the arm. Fig. 12 shows an example of the received spectrum at 2.45 GHz as a function of the offset frequency from the carrier for various distances. A strong central peak due to the coupling signal between the transmitter and receiver can be observed. Two sideband peaks at the modulating frequency (7 kHz in this case), whose amplitude decreases with the distance, are observed. The measured received power as a function of the frequency for different number of dipoles is shown in Fig. 13 . The differences due to the antenna gain are corrected in order to better appreciate the effect of the frequency behavior of the FSS. Microwave absorbers are used to avoid deep frequency fadings generated by multipath interference that could mask the measurements. A flat response from 2 to 3.5 GHz is observed for FSS directly in contact with the body, whereas when the spacer is used the response is shifted to 4 GHz and the bandwidth is smaller than in the former case. Due to the body losses, the received level when the FSS is in contact with the arm is between 5 and 10 dB lower than when the spacer is used. The received level increases with the number of dipoles, as the simulations predicted. The dielectric properties of the arm can change between individuals or depend on the body part chosen. The system offers a high level of robustness in detuning problems, thanks to the large bandwidth achieved. When FSS are attached to thick textile materials, their average thickness directly intervenes in the FSS working frequency, but it can be easily modified by adjusting the length of the dipoles. A phantom has also been used to emulate the arm, based on a cylindrical piece of ham (8 cm of diameter) (Fig. 10) . Fig. 14 shows measurements of the power received from an FSS with seven elements placed on the arm and on the phantom. Good agreement is obtained between the two situations. In order to study the angular behavior, the FSS placed on the phantom is mounted on a rotary table connected to a stepper motor. Fig. 15 shows the received power as a function of the angle.
In order to estimate the read range in real environments, measurements of the backscattered power in an indoor environment (laboratory) were taken as a function of the distance for a tag composed of seven dipoles. Fig. 16 shows the measured received power as a function of the distance in order to estimate the read range. The transmitter power is adjusted to comply with the European regulation ERC-REC 70-03 (EIRP 20 dBm). The measurements are compared with simulations using the free-space model given in (1) at 2.45 GHz, and considering the RCS difference between the ON and OFF states of −40 dB, according to the simulated results in Fig. 5 and a modulating factor of 1/π 2 , which corresponds to a modulating square waveform with a duty-cycle of 50% (8) (9) . Additionally, USA regulation (FCC Part 15, maximum EIRP 30 dBm) is also considered and compared here. Good agreement is observed for distances below 1 m, validating the simulated differential RCS. The effect of multipath is observed for higher distances. In this case there is a ripple with the distance which depends on the frequency. This effect was observed in UHF RFID applications [36] and other indoor environments. For very small distances, the tag is in light-of-sight conditions, but when the distance between the reader and the tag increases, the reader antenna illuminates other objects near the tag. The multipath contributions due to reflections in the objects then tend to create an increase in received power because the difference in the path length difference is small. However, the channel is frequency selective because the multipath contribution sometimes produces destructive interferences. The result is the ripple in the received power. The channel must therefore be statistically modeled for distances greater than 1 m. The free space model can be used to predict the average power level. For distances higher than 3 m, the received power is under the sensitivity of the spectrum analyzer (around −100 dBm for the setup used). In recent works in the literature based on passive epidermal UHF RFID [37] , [38] , the read range achieved with tags attached to the body is 0.8 and 0.5 m [37] when temperaturesensing microchips were included, and 2 m without sensing chip [38] , respectively. The read range in this paper is considerably higher and uses less transmitter lower power. The main reason is the limitation on the uplink link budget between the reader and tag [36] , since the passive RFID tags require a minimum received power to wake up the internal circuitry because the tag is fed from the rectified voltage from the incoming wave. This threshold power is typically between −15 and −21 dBm (Monza R6, from Impinj, USA), depending on the commercial chip used. These sensitivities are lower when sensing capabilities are included in the chip (e.g., −9 dBm for EM4325 from EM Microelectronics, Switzerland). In semipassive RFID systems such as the one presented here, the read range limitation is the sensitivity of the reader. Since low transmitted power is used, the typical coupling between antennas (better than 25 dB) or the isolation of a typical circulator (in the case of a monostatic reader) is enough to protect from the transmitter leakage by adding attenuators at the input of the mixer. The sensitivity of the reader can therefore be considerably higher (better than −100 dBm) than the typical −60 to −80 dBm achieved in commercial UHF readers. In addition, the effect of losses due to the body is partially compensated by the antenna gain array factor, and the backscattered power is therefore higher compared to RFID systems based on one dipole-like antenna, allowing for this higher read range.
The problem of multipath interference can be mitigated using spatial diversity techniques or frequency hopping techniques. The first solution is often implemented in UHF readers in dock doors, where two or more channels (antennas) can be used to reduce the effect of fading due to multipath interference. In addition, the increased bandwidth allows the frequency carrier finding the channel to be changed, with higher received power such as in Bluetooth devices. Fig. 17 shows the baseband spectrum obtained from the Fourier transform of the measured signal using the reader at 3 m distance with the tag composed by seven dipoles in contact with the arm. The chirp Z-transform algorithm with a Hamming window is used to achieve the appropriated frequency resolution. A signal-to-noise ratio of about 10 dB is obtained, and that is enough to detect the signal. The temperature is obtained by measuring the frequency of the peak. The sensor is heated with a heat gun and measured while cooling. The NTC resistance (obtained with a multimeter) and the frequency of the peak are measured simultaneously. The temperature of the NTC is obtained from the measured resistance using the calibration curve given by the NTC manufacturer. Fig. 18 shows the relationship between the measured temperature from the calibration curve and the measured modulation frequency for a tag made of seven dipoles placed on the arm. The theoretical model (13) and (14) is also compared with good agreement. A nearly linear relationship and a correlation coefficient of 98.8% are obtained.
B. Measurement of the Temperature Sensor
V. CONCLUSION This paper has studied the feasibility of using modulated frequency surfaces (FSS) for on-body applications. The RCS has been modulated using low-cost reverse-biased varactors; the power consumption of the semipassive FSS is therefore very low. The communication between the tag and the reader is performed by the backscattering technique. The effect of the losses of the body has been investigated both theoretically and experimentally. A loss of between 5 and 10 dB in the backscattered power is experimentally observed when the FSS is in contact with the body. However, greater bandwidth and a flatter response of the FSS were obtained. This increased bandwidth gives the system robustness when dealing with variations in the dielectric properties of the body, and makes it independent from the part of the body where the FSS is attached.
A prototype of an analog frequency modulated temperature sensor based on a low-frequency oscillator connected to the FSS has been presented as a proof of concept. Read ranges up to 3 m in indoor environments have been obtained. The tag presents low power consumption (60 μA at 3 V), which is much lower than other wireless sensors based on transmitters (e.g., a typical Bluetooth 4.0 needs more than 7 mA at 3 V during reception or transmission). These results open the door to more complex RFID tags and sensors based on FSS for on-body applications which integrate microcontrollers and more sophisticated sensors depending on the application.
